A ging is associated with reduced independence due to physical and cognitive decline. Engaging in higher levels of physical activity is associated with higher levels of physical function and independence in older adults. 1 The American College of Sports Medicine recommends at least 150 minutes of moderate exercise per week for older adults, 2 whereas a systematic review by Sherrington et al 3 recommends interventions of at least 120 minutes per week for fall prevention.
Active computer gaming (ACG) combines digital gaming with physical exertion; users perform bodily movements as, or to manipulate, a controller to interact with objects within a virtual environment. Commercially available gaming systems, such as the Nintendo Wii (Nintendo of America, Redmond, Washington) and Xbox Kinect (Microsoft Corporation, Redmond, Washington), aimed at the entertainment market where the general population can engage in games, have increased in popularity, accessibility, and affordability. 4 Such systems are being adapted for rehabilitation purposes, providing a potentially more engaging mode of exercise. Additionally, bespoke ACG systems have been specifically designed to deliver tailored rehabilitation exercise to meet the ability and needs of clinical populations.
Both commercially available gaming systems and games specifically designed for older adults have been used as interventions in trials to investigate their safety, feasibility, and effectiveness. A number of reviews, including a previous review by this team, 5 have provided preliminary evidence to support ACG as a safe and effective intervention for promoting physical activity in older adults, which may have physical and cognitive health benefits. Active computer gaming may contribute to slowing the deterioration of health and function associated with aging, with favorable results in outcomes such as balance, confidence, functional mobility, and cognitive function, when compared to a control or another treatment. 5 These findings were supported in a more recent review of Wii games in older adults. 6 Two other reviews evaluated the effects of ACG in enabling physical activity in the home environment 7 and for exercise and rehabilitation; 8 however, inclusion of interventions for older adults with neurological conditions limits the applicability of the findings to older people experiencing normal age-related decline. Reviews in this area report limitations in the quality of study design. [5] [6] [7] [8] As such, previous systematic reviews have been unable to pool data for physical and cognitive health outcomes related to aging. Additionally, the processes by which these results are produced have not been explored. The current evidence base lacks consensus on what aspects of gaming intervention design and delivery can optimize enjoyment and motivation, to ultimately improve adherence to exercise in older adults, as well as whether ACG are a safe and appropriate mode of achieving exercise and activity levels associated with improved health outcomes. The Behavior Change Techniques Taxonomy version 1 (BCTTv1) provides a standardized and well-defined taxonomy of active components of behavior change. 9 Active computer gaming is a method of facilitating physical activity in the older adult population to improve health outcomes. Quantifying the effect of ACG, as well as identifying the behavior change techniques (BCTs) adopted in ACG interventions for older adults, may provide invaluable insight into the components associated with effectiveness and long-term adherence to ACG interventions.
Aims and Objectives
The aim of this study was to update and extend a systematic review 5 of the available evidence for the physical and cognitive effects of ACG in older adults, and to explore ACG design and intervention delivery. Objectives were as follows:
• Determine the effect of ACG on physical health outcomes, particularly those related to balance and mobility.
• Determine the effect of ACG on cognitive health outcomes.
• Explore adherence with, and delivery of, interventions (ie, dose, setting, supervision).
• Identify BCTs used to improve adherence to ACG interventions for older adults, and code them according to the BCTTv1.
Methods
The review protocol was developed a priori and registered on Prospero (CRD42015017227). One notable change from the protocol was the decision to only report on randomized controlled trials (RCTs), given the increased volume of such studies in the 5-year time period since the first review (n = 3 RCTs in 2011 vs n = 35 RCTs in 2016).
Data Sources and Searches
Four electronic databases (MEDLINE, EMBASE, CENTRAL in the Cochrane Library, and PsycINFO) were searched initially in February 2015, and updated in May 2016, to identify trials published since the previous systematic review ( July 2011). Predefined search strategies, including a range of subject headings and key words based on those used in the systematic review being updated, 5 were developed with assistance of the school librarian and piloted prior to use. The MEDLINE search strategy can be found in the eAppendix (available at https://academic.oup. com/ptj). One review author (S.C.H.) screened all titles and abstracts, and then retrieved full text reports for the papers that met the inclusion criteria for full eligibility screening, using standardized criteria. Any queries were resolved by discussion with a second reviewer (S.M.M.). Article reference lists were hand-searched, and the RCTs included in the previous systematic review were screened for inclusion in the current review.
Study Selection
This review included full-text articles of RCTs or quasi-RCTs published in English, and aimed at improving physical and cognitive function in older adults aged >65 years, excluding those requiring specific rehabilitation, for example following orthopedic surgery or stroke. Any intervention that used ACG as all or part of its delivery versus an inactive or active control was eligible for inclusion.
ACG was defined as a digital game that requires players to interact with objects within a virtual environment using some part of their body as, or to manipulate, a controller, and requiring some physical exertion. 
Data Extraction and Quality Assessment
Study details and data were extracted independently by 3 reviewers (100% S.C.H., 50% A.M., 50% P.D.) using a customized form, piloted prior to use. The form was used to record relevant data on methods, participants (sample/ age/baseline characteristics), outcomes, and results (means and their standard deviations), including any other relevant information. Additional data of interest included that related to delivery of interventions, occurrence of adverse events (AEs), and adherence levels. Two coders (S.C.H., J.M.) independently coded BCTs aimed at improving participants' adherence, using a form based on the BCTTv1, 9 which was also piloted prior to use. Adherence was defined as performance of the intervention as prescribed, in terms of frequency, duration, technique, and/or effort. Two authors (S.C.H., K.P.) independently assessed each included study using the Cochrane tool for assessing risk of bias 10 according to 4 criteria: randomization, allocation concealment, blinded outcome assessment, and incomplete follow-up, grading on each criterion as having low, high, or unclear risk of bias.
To avoid double counting in studies with multiple intervention arms, the ACG intervention was compared only to the minimal intervention control.
Where data were not presented in a form that enabled quantitative pooling, attempts were made to contact the authors for additional information.
Where this was not possible, estimates were calculated from the published data, as per the method suggested by the Cochrane Collaboration. 10 Where tabulated results were not presented, an attempt was made to extract data from graphs. Where it was not possible to obtain missing data, the study was excluded from the meta-analysis.
Data Synthesis and Analysis
Following qualitative assessment of intervention heterogeneity, data were assessed for statistical heterogeneity using the I² statistic. Data were analyzed as continuous data, and presented as standardized mean differences (SMD) and 95% confidence intervals (CIs) to pool outcomes presented using different scales and units. Meta-analyses were carried out using RevMan v.5.3 to compare physical and cognitive function outcomes and fear of falling between ACG intervention and control groups. Where substantial heterogeneity was identified (I 2 >50%), studies were pooled using the random effects model; otherwise, a fixed effects model was used. Effect sizes were summarized as follows: SMD<0.40 = small; 0.40-0.70 = moderate; >0.70 = large. 11 The GRADE (Grading of Recommendations Assessment, Development, and Evaluation) approach was used to determine the quality of the evidence. 12 Evidence was downgraded based on predefined criteria, including: limitations in design or implementation, where a large proportion of data was from low-quality trials; indirectness of evidence, in terms of population, intervention, control, or outcomes; high levels of heterogeneity, where I 2 >50%; imprecision of results, where the 95% CI included no effect or is >0.8; and high probability of publication bias. Reasons for grade applied to each comparison were explained in summary of findings tables.
Subgroup analysis was performed according to control group: ACG versus inactive control, or active control, which included traditional exercise or physical therapist care. A second subgroup analysis was conducted for intervention dose; subgroups differentiated studies that delivered a dose of <120 minutes/week, ≥120 minutes/week, and ≥150 minutes/ week, based on recommendations for exercise dose in older adults. 2, 3 Sensitivity analyses were carried out to assess the impact of excluding trials with higher risk of bias in the meta-analysis.
Results

Description of Studies
The study selection process is summarized in Figure 1 . Of 3814 records identified from the searches, 63 full text reports were retrieved and screened for eligibility. Three studies were included from the review being updated; 5 the remaining 9 studies were ineligible due to excluded intervention design (not an ACG) or study type (non-RCT 
Intervention Delivery
A summary of intervention delivery can be found in Table 2 . Analysis of intervention dose in terms of minutes delivered per week indicated that 19/35 included studies delivered a dose of at least 120 minutes' intervention per week, 3 10 of which delivered 150 minutes or more. 2 Intervention setting was reported in 25 studies; the majority of studies were conducted in a clinical or research setting (n = 14), and only 3 studies were unsupervised. Incidence of AEs was not clearly reported in 25/35 papers, and 5 studies reported no incidence of AEs. Where reported, AEs ranged from 1 to 13 in the intervention group. Where AEs were reported for both the intervention and control groups, the number of AEs reported was similar in both groups.
Figure 1.
Flow chart of study selection process.
Adherence, defined as the number of sessions completed by participants in comparison to the total number of sessions allocated or recommended taking into account the number of dropouts, was included, or possible to calculate using data provided, for the intervention group in 17 studies. The mean adherence rate across these studies was 78.8%. Adherence for the comparison group was provided in 9 of these studies (mean = 77.9%).
Twenty-seven papers reported at least 1 BCT aimed at improving adherence. A total of 106 BCTs were coded in the included studies (range 0-13; mean = 3.02). BCTs related to Feedback and monitoring were observed most frequently (n = 29), delivered via instantaneous visual feedback provided by the ACG. Scoring in ACG was also reported in included studies aimed at increasing participant effort and adherence; this was coded as Feedback on behavior and Non-specific reward. There was no significant correlation observed between number of BCTs and participant adherence (n = 0.04, P = .87).
Risk of Bias in Included Studies
Risk of bias of included studies is summarized in Figure 2 . There was substantial agreement between the 2 independent reviewers, with a kappa of 0.67. 48 Information on random sequence generation and allocation concealment was frequently poorly reported in the included studies. Risk of detection bias was assessed as low in almost half of the studies, with 15 RCTs reporting blinded outcome assessors. Fourteen studies reported intention-to-treat analysis, and were assessed as having low risk of bias due to incomplete follow-up data. Other sources of bias included small sample sizes, observed across the majority of included studies. Baseline differences between intervention and control groups were observed in 5 studies. No conflicts of interest were declared or identified in any of the included studies.
Effects of Interventions
Summary of findings can be found in Table 3 . Seventeen trials measured balance and presented results eligible for inclusion in the analysis ( Figure 3A ). Pooling of data from 743 participants provided low-quality evidence that there was a moderate significant difference in favor of ACG (SMD = 0.52, 95% CI = 0.24 to 0.79)]. Sensitivity analysis removing 6 studies at high risk of bias did not alter these results (SMD = 0.55, 95% CI = 0.19 to 0.91; n = 555). Subgroup analyses differentiating between types of control showed similar improvements in both subgroups, suggesting that ACG may improve older adults' balance more than no treatment or an alternative intervention. In a subgroup analysis conducted to explore whether magnitude of effect was affected by ACG intervention dose, the largest effect size was observed when intervention dose was >150 minutes per week.
Sixteen studies (n = 670 participants) evaluated the effect of ACG on functional mobility using outcomes in which a lower score indicated better performance (eg, the Timed Up and Go test), and provided very low-quality evidence of no significant effect (SMD = -0.13, 95% CI = -0.36 to 0.09). Subgroup and sensitivity analyses did not influence this finding.
Seven studies (n = 248 participants) evaluated the effect of ACG on functional exercise capacity ( Figure 3B ), using outcomes in which a higher score indicated better performance (eg, the Six-Minute Walk Test), and found a small significant effect in favor of ACG (SMD = 0.29, 95%CI = 0.04 to 0.55). Sensitivity analysis removing studies Greater improvement in ACG group:
• Cardiovascular endurance (distance) Greater improvement in tai chi group:
• Strength (grip) NS difference:
• Flexibility of lower methodological quality (n = 3) altered results indicating a nonsignificant effect (SMD = -0.34, 95% CI = -0.79 to 0.10; n = 172). Subgroup analysis differentiating between types of control did not indicate a significant effect. In the subgroup analysis according to delivery dose of the ACG intervention, the magnitude of effect increased with delivery dose, with a moderate significant effect that persisted following sensitivity analysis for studies that delivered >120 minutes per week (SMD = 0.53, 95% CI = 0.15 to 0.90), and a large significant effect for those delivering >150 minutes per week (SMD = 0.85, 95% CI = 0.19 to 1.51). This evidence was graded as very low quality.
Eight studies (n = 459 participants) evaluated the effect of ACG on cognitive function using a tracking task, where participants were timed to accurately join the dots in a predefined sequence ( Figure 3C ), and provided low-quality evidence of a moderate significant difference in favor of ACG (SMD = -0.48, 95% CI = -0.80 to -0.17). Sensitivity analysis did not change the results. Subgroup analyses differentiating between types of control and delivery dose did not indicate a significant difference.
Sixteen studies (n = 816 participants) evaluated the effect of ACG on fear of falling and provided very low-quality evidence of no significant effect (SMD = 0.18, 95% CI = 0.16 to 0.53). Sensitivity and subgroup analyses according to control and delivery dose did not produce a significant effect.
Discussion
This updated and extended review identified, graded, and synthesized 35 studies from the available literature for ACG in older adults. Overall, it presented low-to very low-quality evidence that ACG has a moderate significant effect on balance and cognitive function in older people, as well as on functional exercise capacity when delivered for at least 120 minutes per week, and that ACG has no effect on functional mobility or fear of falling. The majority of studies included in this review included healthy participants, and delivered more than 120 minutes of ACG intervention per week. Only 9 studies were conducted in the home environment, and only 3 studies were unsupervised. Participant adherence and AEs were not well reported in the included studies; however, where reported, adherence rates were high and incidence of AEs was low, and both were comparable in intervention and control groups. While it was not possible to establish a relationship between use of BCTs and adherence to an intervention, coding of BCTs aimed at increasing participant adherence highlighted key components of ACG such as instantaneous visual feedback and scoring that cannot easily be replicated in traditional therapy.
The main outcomes analyzed in this review are associated with age-related physiological decline. Interventions that improve physical and cognitive performance could have significant benefit in the aging population, improving their ability to complete daily tasks, reducing their risk of falls, and promoting independence. 1 This review found that ACG interventions were associated with significant improvements in balance, but that ACG is no more effective than no treatment, other therapy, or exercise for functional mobility.
There are a number of explanations that ACG interventions may have had a moderate significant effect on one outcome associated with falls risk yet no effect on another. The included studies delivered ACG interventions aimed at improving aspects of physical function through various mechanisms, including weight shifting, stepping practice, strength exercises, and general fitness training. By nature, the vast majority of training was standing on the spot and facing forward; while this may have challenged participants sufficiently to improve balance outcomes, the transferability to functional mobility tasks may be limited. This highlights the importance of tailoring ACG interventions to older adults' specific needs for tional exercise or therapy control; however, more consistent reporting of participant adherence in all ACG trials would permit a thorough comparison of adherence rates and factors influencing variations. Active computer gaming is being used in rehabilitation with the assumption that it is fun and motivating, and will, therefore, improve adherence. This review aimed to explore the properties of ACG interventions associated with improved adherence through coding BCTs. Detail of interventions and game design were generally poorly described in terms of promoting adherence, with research in this area still at the stage of testing intervention efficacy, rather than methods of encouraging long-term adherence. 
Limitations
This review highlights that ACG is a growing area of research. Despite the advances in this research area, trials with small sample size and limited methodological quality persist, causing downgrading of the quality of the evidence to the low and very low level for all outcomes ( Table 3 ). As such, evidence presented in the current review should be interpreted with caution. Many of the included studies did not use methods to increase internal validity, such as concealed randomization, blinded outcome assessment, or intention-to-treat analysis; however, sensitivity analyses continued to support the positive effect of ACG. Small studies, as included in this review, may overestimate the effect of the intervention on the outcomes of interest Risk-of-bias summary for included studies.
daily function. For the analysis of functional mobility, data were pooled for the Timed Up and Go test, a validated measure considered to have high levels of sensitivity and reliability in this population. 49 The majority of studies included healthy older adults with a high level of function; participants in only 4 of the 16 studies included in this analysis had a baseline Timed "Up and Go" time of >13.5 seconds, the cut-off time indicative of increased falls risk. 49 This may have contributed to a lower potential for change. A recent review 50 evaluated computer-based electronic devices for improving a range of outcomes associated with falls risk; it found an effect on balance only in participants with a primary health condition and, in line with this review, found no effect on mobility in either healthy older adults or those with impaired function.
Active computer gaming brings promise for self-led exercise interventions for even the most frail, potentially independently within their own homes. 5 Only 9 of the reviewed studies included older people with balance impairment, providing limited information on the safety and efficacy of ACG in a population group that has most need for and potentially the most limited ability to access traditional modes of exercise. To date, the evidence base has not provided information sufficient to establish whether ACG can be recommended for unsupervised home use. Further research is required to establish its feasibility, in terms of whether older people are able to use ACG safely, and the level of adherence with independent participation. In this review, incidence of AEs was poorly reported, and there was inconsistency in the reporting of assistance required by users. To increase safety, many of the interventions included in this review provided close supervision, the option of additional hand support to prevent of loss of balance, and safety mats in case of a fall. A systematic review of home-based ACG interventions 7 found that assistance and supervision were often required, particularly in interventions including older people. It also noted a lack of reporting of incidence of AEs. Consistent reporting of AEs, as well as how frequently additional measures were required by participants, could provide additional information on the feasibility of ACG in older adults, potentially allowing future studies to consider investigating homebased, unsupervised ACG interventions.
Adherence to physical activity programs is generally high (>70%) in older adults. 51 Adherence rates of the included intervention groups were similarly high, and were comparable to those of a tradi- 
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and contribute to imprecision of results; even after pooling data the total number of observations remained small, limiting the generalizability of the findings. At present, the use of ACG for health over traditional exercise and therapy in older adult populations cannot be recommended with confidence. Additionally, as expected in this population, the studies in this review included a higher ratio of women than men, thus limiting our confidence in the applicability of these findings to men.
Conclusion
Findings of this review suggest that ACG may provide positive physical and cognitive health benefits greater than those observed following no treatment, traditional exercise, or rehabilitation interventions for balance, functional exercise capacity, and cognitive function. The available literature did not provide evidence of its effectiveness in improving mobility or fear of falling. The quality of the evidence for all outcomes of interest was low to very low. As such, in order to state with confidence whether or not ACG is an effective tool for improving older adults' health, there is a need for adequately powered, robust RCTs with blinded outcome assessment, and strategies to address follow-up of dropouts to overcome problems related to missing outcome data. Future research should focus on home-based, self-led interventions with reduced supervision to evaluate the safety and feasibility of ACG for independent practice. Additional trials including older adults with impaired physical function would permit evaluation of the applicability of ACG to this population. Clear reporting of BCTs within ACG interventions could bee promising in development of an ACG intervention that enhances user motivation and promotes longterm adherence to achieve the dose required for improved health outcomes. 
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